Topical application of nucleic acids offers many potential therapeutic advantages for suppressing genes in the skin, and potentially for systemic gene delivery. However, the epidermal barrier typically precludes entry of gene-suppressing therapy unless the barrier is disrupted. We now show that spherical nucleic acid nanoparticle conjugates (SNA-NCs), gold cores surrounded by a dense shell of highly oriented, covalently immobilized siRNA, freely penetrate almost 100% of keratinocytes in vitro, mouse skin, and human epidermis within hours after application. Significantly, these structures can be delivered in a commercial moisturizer or phosphate-buffered saline, and do not require barrier disruption or transfection agents, such as liposomes, peptides, or viruses. SNA-NCs targeting epidermal growth factor receptor (EGFR), an important gene for epidermal homeostasis, are >100-fold more potent and suppress longer than siRNA delivered with commercial lipid agents in cultured keratinocytes. Topical delivery of 1.5-uM EGFR siRNA (50 nM SNA-NCs) for 3 wk to hairless mouse skin almost completely abolishes EGFR expression, suppresses downstream ERK phosphorylation, and reduces epidermal thickness by almost 40%. Similarly, EGFR mRNA in human skin equivalents is reduced by 52% after 60 h of treatment with 25-nM EGFR SNA-NCs. Treated skin shows no clinical or histological evidence of toxicity. No cytokine activation in mouse blood or tissue samples is observed, and after 3 wk of topical skin treatment, the SNA structures are virtually undetectable in internal organs. SNA conjugates may be promising agents for personalized, topically delivered gene therapy of cutaneous tumors, skin inflammation, and dominant negative genetic skin disorders. transdermal delivery T he recent development of small molecule inhibitors and antibodies that target components of signaling pathways has revolutionized the treatment of cancers, inflammatory diseases, and genetic disorders, including those that largely manifest in skin (1-3). These protein-based therapeutics, however, are costly, have limited targeting ability, and, when delivered through traditional intravenous or gastrointestinal routes, can lead to systemic toxicity (4, 5). Topical delivery is particularly attractive for the therapy of skin disorders. However, proteins larger than a few hundred daltons cannot easily enter the skin, and high concentrations of proteins must be applied for a cutaneous effect (6). An alternative to protein-based pathway inhibition involves the blocking and/or degradation of precursor mRNA before translation into protein. Gene silencing leads to down-regulation of protein expression and functions with greater specificity than inhibitors of protein function (7). In fact, targeted gene suppression by antisense DNA and siRNA has shown promising preclinical results, and/or is currently in clinical trials for a variety of diseases, including many forms of cancer (e.g., melanoma, neuroblastoma, and pancreatic adenocarcinoma), genetic disorders, and macular degeneration (8). For gene suppression in skin, a topical delivery route is optimal, given the easy accessibility of skin and the reduced risk of systemic side effects. However, penetration of oligonucleotides through the epidermal barrier has remained a major technological challenge that must be overcome before the therapeutic potential of oligonucleotides in skin can be realized (9-11).
Topical application of nucleic acids offers many potential therapeutic advantages for suppressing genes in the skin, and potentially for systemic gene delivery. However, the epidermal barrier typically precludes entry of gene-suppressing therapy unless the barrier is disrupted. We now show that spherical nucleic acid nanoparticle conjugates (SNA-NCs), gold cores surrounded by a dense shell of highly oriented, covalently immobilized siRNA, freely penetrate almost 100% of keratinocytes in vitro, mouse skin, and human epidermis within hours after application. Significantly, these structures can be delivered in a commercial moisturizer or phosphate-buffered saline, and do not require barrier disruption or transfection agents, such as liposomes, peptides, or viruses. SNA-NCs targeting epidermal growth factor receptor (EGFR), an important gene for epidermal homeostasis, are >100-fold more potent and suppress longer than siRNA delivered with commercial lipid agents in cultured keratinocytes. Topical delivery of 1.5-uM EGFR siRNA (50 nM SNA-NCs) for 3 wk to hairless mouse skin almost completely abolishes EGFR expression, suppresses downstream ERK phosphorylation, and reduces epidermal thickness by almost 40%. Similarly, EGFR mRNA in human skin equivalents is reduced by 52% after 60 h of treatment with 25-nM EGFR SNA-NCs. Treated skin shows no clinical or histological evidence of toxicity. No cytokine activation in mouse blood or tissue samples is observed, and after 3 wk of topical skin treatment, the SNA structures are virtually undetectable in internal organs. SNA conjugates may be promising agents for personalized, topically delivered gene therapy of cutaneous tumors, skin inflammation, and dominant negative genetic skin disorders. transdermal delivery T he recent development of small molecule inhibitors and antibodies that target components of signaling pathways has revolutionized the treatment of cancers, inflammatory diseases, and genetic disorders, including those that largely manifest in skin (1) (2) (3) . These protein-based therapeutics, however, are costly, have limited targeting ability, and, when delivered through traditional intravenous or gastrointestinal routes, can lead to systemic toxicity (4, 5) . Topical delivery is particularly attractive for the therapy of skin disorders. However, proteins larger than a few hundred daltons cannot easily enter the skin, and high concentrations of proteins must be applied for a cutaneous effect (6) . An alternative to protein-based pathway inhibition involves the blocking and/or degradation of precursor mRNA before translation into protein. Gene silencing leads to down-regulation of protein expression and functions with greater specificity than inhibitors of protein function (7) . In fact, targeted gene suppression by antisense DNA and siRNA has shown promising preclinical results, and/or is currently in clinical trials for a variety of diseases, including many forms of cancer (e.g., melanoma, neuroblastoma, and pancreatic adenocarcinoma), genetic disorders, and macular degeneration (8) . For gene suppression in skin, a topical delivery route is optimal, given the easy accessibility of skin and the reduced risk of systemic side effects. However, penetration of oligonucleotides through the epidermal barrier has remained a major technological challenge that must be overcome before the therapeutic potential of oligonucleotides in skin can be realized (9) (10) (11) .
Recently, we introduced spherical nucleic acid nanoparticle conjugates (SNA-NCs, inorganic gold nanoparticles densely coated with highly oriented oligonucleotides) (Scheme S1) as agents capable of simultaneous transfection and gene regulation (12) (13) (14) (15) . In contrast with conventional approaches to gene regulation (16) (17) (18) (19) (20) , these nanoparticle conjugates require neither cationic transfection materials nor additional modifications to drive cellular entry. SNA-NCs enter almost 100% of cells in the more than 50 cell lines and primary cells tested to date, as well as cultured tissues and whole organs (21, 22) . These unusual constructs exhibit remarkable stability, nuclease-degradation resistance, and decreased immunogenicity as a result of their high-density oligonucleotide shells (23, 24) . To date, they have shown no toxicity at the cellular level at concentrations required for effective gene knockdown. Therefore, we hypothesized that siRNA-based SNA gold nanoparticle conjugates might be ideal topical delivery agents to treat diseases of the skin.
Results
To evaluate the potential for targeted gene suppression by siRNA-based SNA-NCs through noninvasive topical delivery, we first investigated their uptake in primary normal human keratinocytes (hKCs), which are typically difficult to transfect (25) . hKCs were incubated with Cy3 fluorophore-labeled SNA-NCs, and entry was studied by confocal fluorescence microscopy. Within 2 h, 100% of the observed hKCs showed strong cytoplasmic fluorescence (Fig. 1A) . The number of gold nanoparticles in cells (and tissues) can be quantified by inductively coupled plasma mass spectrometry (ICP-MS). Incubation of 0.05-0.1-nM SNANCs (1.5-3.0-nM siRNA) for 48 h with hKCs leads to uptake of approximately 1.4 · 10 3 nanoparticles (NPs) per cell, which is approximately five times greater than that in either HaCaT (spontaneously immortalized hKCs) or HeLa cells (Fig. 1B) . Although the reason for this high KC uptake is still under investigation, these observations suggested SNA-NCs would be good candidates for topical delivery experiments.
With any gene regulation therapy or experiment, cell toxicity is a major concern. hKCs incubated with SNA-NCs are morphologically indistinguishable from untreated cells by routine microscopic evaluation. Proliferation assays also show no evidence of cytotoxicity after treatment of hKCs for 48 h with 0.05-0.1-nM SNA-NCs with nonsense siRNA sequences (Fig. 1C) . Finally, genome-wide expression profiling showed that only seven genes are up-regulated and none are down-regulated in hKCs treated with nonsense SNA-NCs, although the same cells treated with an equivalent amount of siRNA delivered through a cationic lipidbased transfection agent (DharmaFECT1®) exhibit up-or downregulation of 427 genes ( Fig. 1D and Dataset S1). These observations are consistent with previous studies in the HeLa cell line, which show that SNA-NCs enter cells in a stealth-like fashion and exhibit limited interference with normal cellular behavior (24, 26, 27) .
Given the importance of EGFR signaling in epidermal cell proliferation and its recognized overexpression in many malignancies, EGFR was chosen as an initial target for gene suppression. EGFR knockdown in hKCs with the SNA-NCs is extremely effective. As little as 0.01 nM of SNA-NCs (0.3 nM of total siRNA) in 1 mL of cell culture medium down-regulates EGFR protein expression by more than 90% as compared to control experiments involving PBS-treated cells and cells treated with nonsense SNA-NCs (Fig. 1E , group 5, lane 1 vs. groups 1-3). Total depletion of protein expression, within the sensitivity of Western blots, can be effected with 0.05-nM EGFR SNA-NCs in cell culture medium (1.5 nM of total siRNA) (Fig. 1E, group 5, lane 2) . Significantly, knockdown of EGFR with SNA-NCs in hKCs can be achieved with 100-fold less total siRNA than that required to observe an effect with DharmaFECT1® (Fig. 1E , group 5, lane 1 vs. group 4, lane 2). Interestingly, target knockdown with SNANCs is also more persistent than with DharmaFECT1-delivered hKCs were treated for 48 h with SNA-NCs or DharmaFECT1-delivered siRNA, or with controls of PBS and/or nonsense SNA-NCs. After treatment, growth medium was replaced with fresh medium, and the cells were incubated for an additional 12 h. Cell lysates were then harvested for blotting. Note the greater suppression by 0.01-nM EGFR SNA-NCs (equivalent to 0.3-nM siRNA) as compared with the 30-nM EGFR siRNA delivered with DharmaFECT1 at 60 h. (F) EGFR mRNA suppression after 48 h treatment with EGFR SNA-NCs or DhamaFECT1-delivered EGFR siRNA (treatment terminated after 48 h). The decrease and eventual loss of gene suppression during the subsequent 48 h after termination of treatment was evaluated by RT-qPCR. By 48 h after removal of SNA-NCs from the medium, 50% of the maximum suppression is still observed in EGFR SNA-NC-treated KCs, whereas suppression by DharmaFECT1-delivered EGFR siRNA is no longer evident. All data are expressed as mean AE SD.
siRNAs (Fig. 1F) . Here, at 48 h, greater than 90% mRNA knockdown is seen in both groups; however, suppression is completely lost at 96 h with DharmaFECT1-delivered siRNA, whereas SNA-NC-treated cells still exhibit 50% knockdown. This persistence is likely caused by the known resistance of SNA constructs to nuclease degradation, and therefore increased intracellular stability of the nucleic acid sequences on the SNA construct surface (23) .
Because the SNA-NCs easily enter hKCs in in vitro experiments, we explored their ability to penetrate both mouse skin and human skin models. The SKH1-E hairless strain was chosen for studies because of its ease in use (eliminating the need for depilation), immunocompetency, and increased normal epidermal thickness (to better simulate human skin) in comparison with most mouse strains (28) . Studies were also conducted in hairbearing C57BL/6J mice (shaved 24 h before application to minimize epidermal barrier disruption). Cy5 fluorophore-labeled SNA-NCs in PBS were first mixed with a commonly used petrolatum-based moisturizer, Aquaphor® (1∶1, vol∕vol), and then topically applied to mouse dorsal skin. In both strains, SNA-NCs penetrated through the stratum corneum and into the epidermis and dermis as early as 3 h after a single application ( Fig. 2A) . To evaluate the clearance of SNA-NCs gold nanoconjugates from the skin after topical application, SKH1-E hairless mice were treated daily for 3 d with 50-nM nonsense SNA-NCs, and the gold content was quantified by ICP-MS in mouse skin during the subsequent 10 d. At the end of the experiment, only 2% of the initial gold was present (Fig. 2B) , demonstrating the clearance of the SNA constructs from skin.
To take an initial step toward determining the potential toxicity of the SNA-NCs in vivo, we topically applied nonsense SNA-NCs in Aquaphor to the skin of shaved C57BL/6J mice. SNA-NCs were delivered daily for 10 d at four different concentrations (500 nM, 250 nM, 100 nM, and 50 nM; n ¼ 5 per concentration; these values refer to the final SNA concentrations in Aquaphor). Animals were killed and skin and internal organs were harvested and studied histologically. Analogous experiments were done with hairless mice (n ¼ 8) for 4 wk using 50-nM SNA-NCs, the effective knockdown dose (see below and Fig. 3 ). Significantly, no cutaneous inflammation, ulceration, scaling, or color alteration was ever observed clinically. In addition, blinded histological assessment showed no abnormalities in the liver, lungs, kidneys, or skin of mice treated for the 10 d or 4 wk. ICP-MS showed low gold accumulation in the internal organs of hairless mice that were treated for 3 wk with 50-nM SNA in Aquaphor; indeed, gold content was undetectable in the kidneys and lungs, and it was very low in the liver (0.0003%) and spleen (0.00015%) when normalized to the total amount of applied gold. ELISA assays showed no significant increase of tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), interferon-α (IFN-α), interferon-β (IFN-β), and chemokine (C-X-C motif) ligand 10 (CXCL10; IP-10) in the serum of hairless mice treated three times weekly for 3 wk with 50-nM EGFR SNA-NCs (Fig. 2C) . Similarly, no immune response was observed locally in the treated skin tissue as evidenced by lack of cytokine expression and activation of protein kinase R (PKR) pathway (Figs. 2D, S1 , and S2). Finally, these skin samples were also subjected to a microarray assay. At 6 h after application, only one off-target gene (cystatin A1) was found to be differentially expressed by >1.5-fold in skin treated with EGFR SNA-NCs in comparison with Aquaphor, and at 3 wk after initiation of treatment, only two off-target genes were differentially expressed (lactotransferrin and cathelicidin antimicrobial peptide). Off-target gene expression between the nonsense SNA-NCs and EGFR SNA-NCs was not significantly different after 3 wk.
To test SNA-NC efficacy in suppressing EGFR in mouse skin, 50-nM SNA-NCs in Aquaphor were applied three times per week. After 3 wk of application, EGFR mRNA expression was reduced significantly (by 65%) (Fig. 3A) , and protein levels were almost completely suppressed (Fig. 3B) . EGFR expression in comparison with untreated skin was not diminished by Aquaphor alone, free EGFR siRNAs, or nonsense SNA-NCs. The specificity of EGFR knockdown was further confirmed by the concomitant 74% decrease in phosphorylation of downstream ERK 1/2, although total ERK 1/2 expression remained the same (Fig. 3B) . The knockdown effect of EGFR SNA-NCs was also confirmed phenotypically with computerized morphometric analyses of histological sections of mouse skin treated with EGFR SNA-NCs, which showed an almost 40% reduction in thickness as compared to skin treated with either nonsense SNA-NCs or the Aquaphor control. Representative examples of mouse skin from these studies are seen in Fig. 3C . Moreover, the number of basal epidermal nuclei, which were immunostained for Ki-67 (a proliferation marker), was reduced, demonstrating the ability of EGFR SNANCs to inhibit cellular proliferation in the epidermis (Fig. 3D) . Skin samples from hairless mice treated with Aquaphor, nonsense SNA-NCs in Aquaphor, and EGFR SNA-NCs in Aquaphor were also subjected to microarray analysis. Taken together, our studies provide evidence that the SNA nanoparticle conjugates are able to knock down a specific gene target in vivo and lead to a biological effect with minimal off-target effects.
We then evaluated SNA-NC penetration through human skin using Franz cell chambers (28) . Flux of nonsense SNA-NCs through human skin in Franz cell chambers was maximal between 8 and 24 h after topical application of nonsense SNA-NCs, regardless of solvent (SNA-NCs in PBS, glycerol, or Aquaphor) (Fig. S3) . We also assessed penetration and knockdown efficacy of SNA-NCs in human skin equivalents, given that human skin is known to be thicker and more difficult to penetrate than mouse skin. Human skin equivalents (3D organotypic raft cultures) simulate in vivo human epidermis, including an intact lipid and well-differentiated protein epidermal barrier (29) . Given the excellent penetration and knockdown in mouse skin with 50-nM EGFR SNA-NCs, the applied concentration was reduced to 25 nM for testing in human skin equivalents. In as little as 2 h after topical treatment, SNA-NCs were found in the basal layer of the epidermis (Fig. 4A) , and the uptake and penetration through human skin equivalents increased in a time-dependent manner (Fig. 4 A-C) . EGFR SNA-NCs (25 nM) knocked down EGFR mRNA expression by 52% (Fig. 4D ) and EGFR protein expression by 75% (Fig. 4E ) compared to nonsense SNA-NCtreated skin equivalents, even though only 4.7% of the applied SNA-NCs entered the epidermis based on ICP-MS quantification. Light microscopic images of skin equivalents treated with EGFR SNA-NCs appeared similar to skin equivalents treated with nonsense SNA-NCs in PBS or control nontreated skin equivalents, as expected after 60 h of treatment.
Discussion
In this work we have discovered that SNA-NC constructs have the unusual ability to suppress gene expression. Historically, researchers have relied on physicochemical methods to facilitate epidermal penetration and cellular delivery of negatively charged nucleic acids (11, (30) (31) (32) (33) . However, these methods require high concentrations of free siRNAs, can have unacceptable toxicity in in vivo models, and are limited by the instability of conventional siRNAs. In contrast, SNA-NCs exhibit long-lasting knockdown ability at picomolar to nanomolar concentrations with no apparent toxicity. We attribute this high efficacy to the dense monolayer of siRNAs on the nanoparticle surface. Our mechanistic studies with SNA-NCs show that the ion cloud associated with the high-density oligonucleotide shell, combined with steric inhibition at the surface of the particles, inhibits enzymatic nucleic acid degradation and results in an increased stability of siRNAs that comprise the SNA-NC (13, 14, 23) .
Conventional RNA and DNA are also limited in their ability to cross the cellular membrane, even in monolayer cultures, without the use of viral vectors, lipid and polymer agents, or techniques such as electroporation. In contrast, SNA-NCs in PBS are taken up by approximately 100% of KCs without ancillary agents. Although the increased uptake in serum-free media suggests that a factor in serum suppresses uptake, the mechanism for better uptake in a primary cell (the hKCs) compared to immortalized cell lines (HaCaT and HeLa cells) remains unclear. Previous studies in HeLa and C166 endothelial cells have shown that the highdensity SNA-NC shell recruits scavenger receptors from cells to facilitate endocytosis and is responsible for the superior cell entry of SNA-NCs in comparison to free siRNA of an identical sequence (22) . How oligonucleotide density and charge and nanoparticle core size affect uptake, and how nanoparticles exit cells, are currently being investigated.
Proof that siRNA could successfully suppress gene expression in vivo was recently achieved in a mouse model (32) and a patient (11) with a genetic condition of thickened soles (pachyonychia congenita) through siRNA injection, which bypassed the epidermal barrier. Although the small treated areas showed a marked reduction in skin thickening, the pain and the impracticality associated with these injections made the approach untenable. Other mechanical approaches, such as ultrasound and laser, have been used to facilitate penetration through the mouse stratum corneum and drive siRNA into skin, but require specialized equipment (30, 31, 33) , limit the area of delivery, and can potentially harm the skin. Recent investigations have demonstrated uptake of siRNAs and DNAs into the epidermis in mice with no stratum corneum (e.g., open wounds or mucosae) or with atopic dermatitis, an inflammatory skin disorder with an ineffective epidermal barrier (33, 34) . Indeed, traversing the intact multilayered epidermis in vivo for intracellular delivery is particularly challenging. Stratum corneum-penetrating peptides have been some of the most promising topical constructs. Topical administration of hybrid MITF siRNA-peptide conjugates reduced MITF mRNA by 50% in mouse skin and reduced pigmentation in Chinese human subjects with facial melisma when the constructs were applied for 12 wk to their skin (35) . Most recently, a skin-permeating and cell-entering (SPACE) peptide was shown to enhance siRNA delivery, leading to 43% knockdown of GAPDH protein in shaved BALB/c mouse skin at the maximal concentration tested, 10 μM (36). Our studies show that SNANCs, in contrast, virtually abolish EGFR protein expression in hairless mouse skin with its intact stratum corneum at siRNA concentrations of 1.5 μM (50-nM SNA-NCs), emphasizing the promise of this delivery system. We speculate that the delay in observation of significant EGFR knockdown beyond 2 wk likely reflects the predominant expression of EGFR in proliferating basal KCs and the 2 wk turnover of mouse epidermis, but could also suggest that accumulation of siRNA through continued delivery is required.
As immune systems in biological organisms are capable of mounting responses against foreign nucleic acids, a growing concern for RNA interference (RNAi) technology is the potential induction of inflammatory cytokines by synthetic siRNAs both in vitro and in vivo. KCs and skin dendritic cells are immune cells, capable of the production of inflammatory cytokines such as TNF-α, IL-6, and type I interferons, as well as chemokines (such as CXCL10), further increasing the immune risks of topically applied siRNAs. Remarkably, our data from blood serum and mouse skin show that siRNAs, when densely conjugated to the nanoparticles in the form of SNA-NCs, are minimally stimulatory and have far fewer off-target effects than the free siRNAs of the same sequence introduced by traditional methods (24) . Furthermore, our studies show rapid clearance from skin, minimal accumulation in viscera, and no evidence of histological changes in internal organs after topical delivery. The low immunogenicity and few off-target effects, coupled with low toxicity and high efficacy, point to a significant advantage for using SNA-NC technology to introduce siRNAs.
Taken together, the data presented here provide unique evidence of RNAi-mediated gene suppression in vivo after topical application to intact skin of siRNAs delivered without the need for additional physical measures, keratolytics, or peptides to enhance penetration. The ability to penetrate into the epidermis in sufficient concentrations to cause morphological change through gene knockdown suggests significant therapeutic potential for treating skin diseases. In fact, the generation of siRNAs is much faster and more cost-effective than the discovery of new small molecule or antibody therapies, and may eventually allow for personalized, genotype-based therapy. The SNA-NC structure is highly tailorable, and the gold core can serve as a scaffold for multicomponent functionalization, not just with siRNAs, but with targeting antibodies or peptides, and small molecule drugs as well (22) . As such, these SNA conjugates are part of the growing arsenal of nanomaterials that are showing promise as alternatives to conventional molecular formats for the development of novel and effective therapies for a wide variety of diseases (22, (37) (38) (39) (40) .
Materials and Methods
Cell Culture, Human Skin Equivalents, and Mouse Skin. Human epidermal keratinocytes were isolated from neonatal foreskin, as previously described, and cultured in supplemented keratinocyte serum-free medium (M154CF; Cascade Biologics) with 0.07-mM CaCl 2 (41). Human cervical cancer HeLa cells and human keratinocyte line HaCaT cells were maintained in DMEM (Gibco®; Invitrogen) with 10% heat-inactivated fetal bovine serum. Human skin equivalents were generated by the Skin Disease Research Center (SDRC) at Northwestern University (NU) and used when they were fully differentiated as intact skin (42) . Studies were also performed with EpiDerm skin model samples (MatTek), grown in medium provided by MatTek. All cultures were maintained at 37°C in 5% CO 2 . SKH1-E hairless (Charles River Labs) and C57BL/6J (Jackson Laboratory) immunocompetent mice were used for penetration, toxicity, and efficacy studies at 6 wk with institutional Animal Care and Use Committee approval.
Visualization of Nanoparticle Uptake in Vitro and in Vivo. For in vitro uptake analysis, hKCs grown on chamber coverglass (Nalge Nunc International) were incubated with 50-pM Cy3-labeled SNA-NCs for 2-24 h and the uptake of nanoparticles was visualized by a LSM 510 confocal microscope (Zeiss). Hoechst 33342 (Invitrogen) was used to stain the nucleus of hKCs. For penetration studies, 50-nM Cy5-labeled SNA-NCs in PBS or PBS only were added to the top of the EpiDerm 3D skin samples at different time points. EpiDerm samples were then washed and harvested for hematoxylin and eosin staining or DAPI nuclear stain (Sigma) for fluorescent imaging after OCT embedding. In in vivo studies, the 50-nM Cy5-labeled SNA in PBS:Aquaphor (Beiersdorf) mixture (1∶1) was applied to the skin of SKH-1E and C57BL/6J mice for up to 24 h before skin samples were harvested and sectioned in OCT for fluorescent imaging.
Quantification of Nanoparticle Uptake, Penetration, and Clearance. Samples from cells, EpiDerm, and mouse skin were harvested for ICP-MS to measure gold content (SI Text), which quantitatively represents nanoparticle uptake (43) . Final values were normalized to the total amount of applied SNA-NCs.
Immune Response Studies. To evaluate immune responses to nanoparticle treatment, SKH-1E hairless mice were treated for 3 wk as described earlier.
Blood was collected in HEMATO-CLAD Hematocrit Tubes (1-000-7500-HC/5; Drummond Scientific). Isolated serum samples were used for ELISA cytokine testing for TNF-α, IL-6, IFN-α, IFN-β, and CXCL10 (ELISA Kit KMC3011, KMC0061, and KMC4041; Invitrogen; Elisa Kit BMS6018 and BMS6027; eBioscience). RNA samples from treated mouse skin were analyzed by RTqPCR to measure mRNA expression.
Cell Proliferation Assay and Gene Microarray Analysis. hKCs (3 · 10 3 cells∕well) in 48-well plates were treated with 0.05-or 0.1-nM nonsense SNA-NCs or PBS for 48 h. Proliferation was assessed daily using a Guava EasyCyte flow cytometer (Millipore). Studies were performed four times in triplicate. Microarray expression analyses were performed at the NU Genomics Core Facility and analyzed at the Bioinformatics Core Facility (44) (SI Text).
mRNA Analysis by RT-qPCR. Total RNA was extracted and 1 μg of RNA was reverse transcribed using qScript cDNA SuperMix (Quanta BioSciences). Real-time reverse-transcription PCR was performed on the cDNA with LightCylcer®480 SYBR Green I Master on a LightCycler®480 system (Roche). The relative abundance of each mRNA transcript was normalized to GAPDH expression, and compared to untreated cells. Primers were purchased from Integrated DNA Technologies (Table S2) . Each study was performed three times in triplicate.
Immunoblotting. Immunoblotting was performed as previously described (45) (SI Text).
Histology and Immunohistologic Analyses. Human skin equivalents and treated mouse skin, distant skin, and internal organs (liver, lung, and kidney) were harvested, embedded in paraffin, prepared for routine histology, and stained with hematoxylin and eosin. The thickness of mouse epidermis treated with EGFR SNA-NCs, nonsense SNA-NCs, or PBS, each mixed with Aquaphor, was measured (three equidistant sites per specimen) from the basement membrane to the top of the stratum granulosum using the Zeiss AxioPlan2 microscope at 20 magnification and AxioVision software. Samples from treated mouse skin were also stained for Ki-67 using a rabbit monoclonal antibody (SP6; Cell Marque) as a marker for proliferation.
Statistical Analysis. Multifactor ANOVA was used to assess in vivo study results. Posthoc comparisons after ANOVA and significance testing for in vitro studies were performed by Student's t test. With all analyses, P < 0.05 was considered significant.
